The restriction endonuclease fold [a three-layer α-β sandwich containing variations of the PD-(D/E)XK nuclease motif] has been greatly diversified during evolution, facilitating its use for many biological functions. Here we characterize DNA binding and cleavage by the PD-(D/E)XK homing endonuclease I-Ssp6803I. Unlike most restriction endonucleases harboring the same core fold, the specificity profile of this enzyme extends over a long (17 bp) target site. The DNA binding and cleavage specificity profiles of this enzyme were independently determined and found to be highly correlated. However, the DNA target sequence contains several positions where binding and cleavage activities are not tightly coupled: individual DNA base-pair substitutions at those positions that significantly decrease cleavage activity have minor effects on binding affinity. These changes in the DNA target sequence appear to correspond to substitutions that uniquely increase the free energy change between the ground state and the transition state, rather than simply decreasing the overall DNA binding affinity. The specificity of the enzyme reflects constraints on its host gene and limitations imposed by the enzyme's quaternary structure and illustrate the highly diverse repertoire of DNA recognition specificities that can be adopted by the related folds surrounding the PD-(D/E)XK nuclease motif.
Introduction
Homing endonucleases are highly specific endonucleases that are encoded as open reading frames within microbial intervening sequences (either introns, which are spliced posttranscriptionally from the flanking RNA products encoded by their host genes, or inteins, which are spliced posttranslationally from their host gene's protein product). Homing endonucleases promote the genetic mobility of the intron or intein (and their own coding sequences) by generating double-strand breaks in homologous alleles that lack the intervening sequence. These lesions are repaired by homologous recombination, using the intron-or intein-containing allele as a template, which leads to transfer of the intervening sequence to the new host gene. [1] [2] [3] [4] Homing endonucleases are widespread throughout all branches of life, including phage, bacteria, archaea and eukaryotes. 4 Homing endonucleases associated with group I introns tend to be small proteins of less than 30 kDa per peptide chain, due to constraints imposed by their surrounding intron or intein sequences, which must fold into structures capable of splicing. Despite their small size, these proteins recognize long DNA targets (14 to 40 bp), which reduces their toxicity toward the host organism. However, within these long targets homing endonucleases tolerate sequence variation at individual base pairs; this attenuated fidelity enables them to adapt to sequence polymorphisms in their target and increases their potential for horizontal transfer and further spread.
The majority of characterized homing endonucleases have evolved from protein scaffolds containing one of three catalytic sites and surrounding protein folds, termed the LAGLIDADG, HNH and GIY-YIG motifs. 4, 5 The LAGLIDADG endonucleases are the most prevalent family in eukaryotes and archaea. This endonuclease family features a highly compact structure with an extended DNA binding surface formed by concave antiparallel β strands. Two closely juxtaposed active sites located near the domain or subunit interface of the enzyme, leading to cleavage at the center of the target site. 6 In contrast, proteins containing the HNH or GIY-YIG motifs constitute the majority of homing endonucleases in phage. These proteins typically exhibit bipartite domain organizations in which their small, relatively nonspecific catalytic domains are tethered to separate DNA binding domains. 7, 8 As well, the His-Cys box homing endonucleases (usually found in protists and typified by the endonuclease I-PpoI) also contain the HNH active site, but in a more compact homodimeric scaffold. 9 Regardless of their origin and genomic location, all of these protein families are extremely well adapted to recognition of long DNA target sites.
More recently, analyses of the intron-encoded protein I-Ssp6803I (also called I-SspI for simplicity) have demonstrated that certain group I introns found in cyanobacteria harbor endonucleases that display an additional structural fold and catalytic motif. 10, 11 Encoded by an intron found within the fMet-tRNA gene in Synechocystis (Fig. 1a) , I-Ssp6803I displays the same functional properties observed in other homing endonucleases. It is a small protein (150 residues) that recognizes a long DNA target site (23 bp) 11 ( Fig. 1b and c) . However, I-Ssp6803I contains a core PD-(D/E)XK catalytic motif and surrounding protein fold that is most typically found in enzymes that act at short DNA targets with strict fidelity, including most known restriction endonucleases, many Holliday junction resolvases, and a wide variety of DNA repair enzymes. 12, 13 This protein fold (SCOP superfamily 3.72.1) corresponds to an α-β-α sandwich structure containing a five-stranded β sheet with mixed topology flanked on both faces by an α helix. 14, 15 A substructure of this domain, consisting of one α helix surrounded by four β strands, is thought to represent the conserved core nuclease fold for this superfamily, corresponding to the most highly conserved structural elements in the structures solved to date of various type II restriction endonucleases containing this motif. 14, 15 All known variants of this fold position at least two acidic residues, and often (but not always) at least one additional basic residue in the nuclease active site, forming the PD-(D/E)XK motif that catalyzes phosphoryl transfer reactions.
In contrast to homing endonucleases, the specificity profile for restriction endonucleases are usually short, generally consisting of 4 to 8 bp positioned either in a single contiguous sequence or interrupted by several DNA base pairs that do not contribute to target recognition. Their short target site (which ensures its presence in exogenous DNA, such as a typical phage genome) is combined with strict fidelity of cleavage under physiological conditions, allowing an endonuclease to avoid undesired activity against the host genome when coupled with a methylase of comparable specificity. The specificity profile of typical restriction endonucleases is made possible by their ability to completely saturate the target-site nucleotides with a network of sequencespecific contacts to protein atoms (particularly hydrogen bonds formed between protein side chains and DNA bases within the major groove of the target site). As well, many restriction endonucleases induce significant bends in the DNA target as part of their cognate recognition mechanism, which can further elevate specificity through the indirect influence of DNA sequence on its conformational preferences. Finally, many restriction endonucleases utilize dimeric or tetrameric structures to facilitate cooperativity and/or allosteric communication between neighboring target sites, again as a mechanism to increase specificity of DNA cleavage.
The discovery of I-Ssp6803I has provided the opportunity to study the use of the restriction fold and its PD-(D/E)XK nuclease motif for recognition of a long DNA target, as well as the ability of such an enzyme to adapt its specificity to the constraints imposed by a tRNA host gene. In this study, we describe the production of catalytically active I-Ssp6803I and the determination of its profiles for binding specificity and cleavage specificity. The enzyme generates transient nicked intermediates during DNA cleavage. Its binding and the cleavage specificity profiles (corresponding to the selectivity of the enzyme at the initial substratebound state of the reaction versus its transition The DNA construct used in this study, labeled according to the symmetry of the DNA to either side of the central A:T base pair. The region of this target that displays significant binding and cleavage specificity in our study is outlined by a dashed box. Small arrows indicate the cleavage sites of I-Ssp6803I on each strand. (c) Quaternary and tertiary structure of DNA-bound I-Ssp6803I and schematic of contacts made by each region of the protein to its DNA target. Only half of the DNA target is represented. Residues contacting DNA bases or backbone are labeled as follows: across the DNA, contacts in the minor groove are indicated on the left of each base while contacts in the major groove are indicated on their right. For the protein, residues observed making identical contacts in both monomers (A and B) are labeled in black, while residues observed making contacts in individual monomers A and B are labeled in green and blue, respectively. Contacts made by protein to DNA are colored as follows: blue lines indicate direct contacts between bases and protein side chains, blue dashed lines indicate direct contacts between bases and protein main chains, and red lines indicate nonspecific contacts to DNA backbone. state) are similar, but DNA base-pair mutations at several positions in the target site cause significant reductions in cleavage with little effect on binding affinity. The specificity of the enzyme reflects sequence constraints on its host tRNA fMet gene and limitations imposed by the enzyme's symmetric quaternary structure.
Results
The cleavage activity of wild-type I-Ssp6803I
A series of mutations made in the active site of I-Ssp6803I, one of which (K51M) was made specifically for this study, imply that the enzyme utilizes a metal-dependent mechanism of phosphoryl hydrolysis that is similar to that of other members of the PD-(D/E)XK nuclease superfamily. Several conserved residues (D8, E11, D36 and Q49 as shown in Supplementary Fig. S1 ) are all properly positioned and/or observed crystallographically to bind divalent metal ions; 13 all are essential for catalysis. In addition, a neighboring lysine residue (K51) is located appropriately to interact with a metalassociated water molecule that can carry out an inline attack on the scissile phosphate group; mutation of this residue also blocks enzyme activity.
While mutation of the metal-binding residue Glu11 into Gln (E11Q) generates a protein construct that displays a 350 nM dissociation constant against the cognate DNA target in the presence of calcium, 13 mutation of the lysine 51 residue to methionine (K51M) results in a higher DNA binding affinity, with a lower dissociation constant of approximately 50 nM under the same conditions ( Supplementary  Fig. S2 ). One simple interpretation of these observations is that glutamate 11 might facilitate highaffinity DNA binding (via the involvement an associated metal ion), while lysine 51 might be involved in proton transfer chemistry during DNA hydrolysis.
I-Ssp6803I displays a pattern of DNA digestion in which differential rates of individual strand cleavage can be observed (Fig. 2) . At low protein concentrations (8 and 80 nM enzyme tetramer, in the presence of 10 nM plasmid DNA substrate), significant amounts of early nicked DNA intermediates are observed that are eventually resolved into fully cleaved product at later time points in the reaction. At the most elevated concentration of enzyme used in this study (800 nM enzyme tetramer, again in the presence of 10 nM plasmid DNA) the appearance of nicked intermediates during the time course of the reaction is reduced at the time points collected and monitored during the digest.
The specificity profiles of I-Ssp6803I
Overview
The sequence specificity of DNA binding and DNA cleavage by I-Ssp6803I were independently measured using an identical series of target-site variants systematically mutated at each position (Supplementary Table S1 ). For the cleavage specificity assay, these target sites were all cloned into the pTopo2.1 plasmid vector (Invitrogen) and subjected to parallel enzyme digests. Reaction conditions were chosen based on the results of wild-type cleavage assays described above that would result in approximately 50% linearization of substrate when an enzyme concentration (700 nM) at least 15-fold above the dissociation constant for the wild-type interaction is used (assuming that the wild-type K D is no greater than the 50 nM K D measured for K51M). In the analogous determination of binding specificity, a parallelized fluorescence competition assay was devised in which the ability of each target-site variant to compete against labeled wildtype target for protein binding was measured with the use of immobilized His-tagged protein (Fig. 3) . By direct comparison of these two assays, we hoped to determine the specificity profile of a PD-(D/E)XK homing endonuclease and the identify of those positions across the target site at which cleavage activity and binding affinity are closely coupled (or conversely, positions in the target site where binding and cleavage are separable).
Cleavage specificity DNA cleavage specificity extends over a 17-bp region of the target sequence, corresponding to positions − 8 to + 8, and is most pronounced at positions + 4, − 4, + 5, − 5 and − 6 (Fig. 4a) . The endonuclease is quite specific, with an estimated frequency of cleavage of approximately 1 in 3 × 10 − 6 random DNA sequences. This estimate corresponds to the number of potential target-site variants that could possibly contain one or more substitutions that individually allow greater than 20% cleavage (4.7 × 10 4 ), divided by the total number of possible unique sequences of the same length (4 17 = 1.7 × 10 10 ). This number is almost certainly an underrepresentation of the enzyme's actual cleavage specificity, as it assumes that individual base-pair substitutions in the target site that each slightly reduced cleavage activity can be uniformly tolerated by the endonuclease in any number and combination.
The enzyme's cleavage specificity profile is very well optimized to its physiological wild-type target sequence. Only five base-pair substitutions (− 3C to T, − 1C to T, + 3A to G, + 6C to T and + 8A to G) out of 51 that are possible within this region allow greater than 50% cleavability compared to the wild-type target sequence, and only one (− 3C to T) is cleaved as well as the wild-type site. Of these substitutions, three (at positions − 3, + 3 and + 8) increase the overall symmetry of the target site by converting a base pair to the same identity as its related position in the opposite half-site. The greatest cleavage specificity is observed at positions + 5 and − 5, where all three possible base-pair substitutions reduce cleavability to less than 10% of the wild-type substrate.
Binding specificity
Wild-type I-Ssp6803I is extremely toxic to Escherichia coli, preventing its expression as a His-tagged protein and requiring us to examine the DNA binding specificity profile of catalytically inactive point mutants with the use of a high-throughput, competitive binding assay as described in Materials and Methods and in Fig. 3 and Supplementary Figs . S3 and S4. Therefore, two separate mutant enzyme constructs, both catalytically inactive, were used in this study in order to avoid generalizations about the binding specificity profile that might be caused by unique effects of a mutation relative to the wildtype enzyme scaffold. The first construct, E11Q, alters an acidic active-site residue thought to be required for divalent metal binding. 13 The second Fig. 3 . High-throughput fluorescence competition-binding assay. Histidine-tagged protein is immobilized onto nickelcoated 96-well microplates. A mixture of fluorescently labeled DNA duplex containing the wild-type target site and one of the single-base-pair substitution variants is incubated with the protein, allowing determination of the ability of each sequence to compete for binding against the wild-type DNA target. In order to calculate relative affinities (K a values), the experiment is also conducted using unlabeled wild-type DNA target and a nonspecific, random DNA sequence. Details of this method are provided in the Results section and in Supplementary Figs. S1 and S2. mutant (K51M) removes a basic amino acid from the active site. The binding specificity of the tighterbinding construct (K51M) is described below and in the accompanying figures, while binding specificity of E11Q (which was found to correspond closely to K51M) is provided in Supplementary Fig. S5 .
The raw binding data using the DNA target-site matrix, consisting of measured fluorescent intensities F corresponding to the retention of bound labeled wild-type DNA probe, were internally consistent and reproducible, both in separate experiments using different protein preparations and when assayed with the two different point mutants of the endonuclease. Three typical results are observed at various positions in the substitution matrix ( Supplementary Fig. S3 ). I-Ssp6803I tolerates base substitutions at several positions (such as base pair − 11) very well, with little or no difference between F(wt) and F(i,j). At many positions (most significantly, at base pairs + 5 and − 5), incorporation of mismatches is poorly tolerated, leading to F (i,j) ≫ F(wt) (indicating that the altered DNA sequences fail to compete with the wild-type target). Finally, I-Ssp6803I occasionally binds more strongly to sequences harboring specific base-pair substitutions (e.g., at position − 3), resulting in F(i,j) b F(wt).
The raw data were converted to a matrix of relative binding affinities to individual DNA targets harboring single-base substitutions [rK a (i,j)] as described in Materials and Methods. The relative binding affinities are plotted in Fig. 4b and listed in Supplementary Table S2 . The binding specificity profile of I-Ssp6803I resembles its cleavage profile, but is not as tightly constrained to the wild-type The wild-type target site of ISsp6803I is shown below both specificity profiles. Bases shown in parentheses below those targets correspond to those base-pair substitutions that are observed to increase either cleavability or binding affinity. Arrows denote basepair substitutions that significantly decrease cleavage, while causing no apparent decrease (or an increase) in substrate-binding affinity. Note that (1) the cleavage specificity profile, while similar to the binding specificity profile, is more tightly constrained to the physiological target site of the endonuclease, and (2) the majority (6 of 11) of the basepair substitutions, indicated by arrows, display 50% or greater increase in rK a . (a) The relative cleavage of target sites harboring single base pair substitutions at each position of the substrate. The cleavability of the wild-type target is normalized to 1. The digests were run under conditions where the wild-type substrate is cleaved to approximately 50% products in order to visualize any substrates that are cleaved more efficiently under similar conditions. (b) Relative association constants [rK a (i,j)] for the same target-site variants as those shown in (a). (c) Specificity probability plot for ISsp6803I. The function used to calculate the relative probability of each base at each position [BP(i,j)] is described in Materials and Methods and in Supplementary Fig. S2 . target sequence. Significant binding specificity again extends over a 17-bp sequence (positions − 8 to +8) and is strongest at positions + 4, − 4, + 5, −5 and − 6. Similar to the cleavage specificity of the enzyme, base-pair substitutions at positions + 5 and − 5 uniformly cause the largest decrease in binding affinity. The estimated overall binding specificity is somewhat lower than for cleavage, corresponding to near-wild-type affinity for approximately 1 in 2 × 10 − 4 random DNA sequences. This estimate corresponds to the number of possible target-site variants that could contain one or more substitutions that individually display greater than 50% of the wild-type K a (3 × 10 6 ), again divided by the total number of possible unique 17-bp sequences (4 17 = 1.7 × 10 10 ). Almost half of the 17 positions that display significant binding specificity also exhibit at least one base-pair substitution that increases protein binding affinity. Of these, one substitution (−3C to T) gives the most significant increase in binding affinity; this is the only such sequence change that also increases cleavability of the DNA target. This substitution converts the base pair at position − 3 to the same identity as its counterpart in the right half-site.
Discussion

DNA cleavage by catalytically active I-Ssp6803I
This article describes the production of catalytically active I-Ssp6803I as a prerequisite for determination of the enzyme's cleavage specificity, using a method where the active site of the enzyme is initially blocked by expression of a fusion construct consisting of a large multidomain protein (chitinbinding protein and a self-cleaving intein) at the Nterminal end of the endonuclease. Subsequent release of the fusion partner after initial purification results in liberation of free active endonuclease. The solution behavior and thermal stability of the final construct was compared to that of previous mutants (including E11Q and K51M described in this study) by dynamic light scattering, size-exclusion chromatography and circular dichroism thermal denaturation and found to be unchanged (data not shown). The active enzyme was used in initial digests with wild-type DNA target (in a plasmid backbone) in order to confirm its activity and to determine reaction conditions appropriate for subsequent measurements of cleavage specificity (corresponding to approximately 50% cleavage with a concentration of enzyme at least 10-fold greater than the expected K D for the wild-type substrate).
The enzyme displays substantial generation of transient nicked DNA intermediates when digests are conducted at a concentration (7 nM enzyme tetramer) that is near or below the expected K D for the protein-DNA interaction; this condition corresponds to an approximately molar equivalence of the protein relative to the plasmid substrate concentration (10 nM). At higher enzyme concentrations, this behavior is significantly reduced at the time points monitored in our digests (although it is possible that at elevated enzyme concentrations, the same nicked species are transiently produced at earlier time points).
There are two possible explanations for this behavior: either the enzyme's two active sites (each located in an individual protein subunit) display asymmetric catalytic behavior in the bound DNA complex (which might be promoted by the asymmetry of the DNA target site across its central 3 bp) or the conformation, quaternary structure or solution behavior of the enzyme is destabilized or otherwise perturbed at low enzyme concentrations.
Specificity of binding recognition versus specificity of cleavage
The overall profiles of binding and cleavage specificity displayed by I-Ssp6803I are well correlated, with 11 out of 17 positions in the target site and 42 out of 51 possible DNA base-pair substitutions, displaying similar effects on both activities (Fig. 4) . In particular, six positions across the target site (− 2, +4, − 4, + 5, − 5 and 0) exhibit substantial and uniform decreases in the substrate's binding affinity and its cleavability as a result of all possible basepair substitutions. This indicates that all mutations at these positions have a significant effect on ground-state binding energy that leads directly to poor substrate cleavage. In addition, five additional positions in the target site (− 8, − 6, + 3, + 6 and + 7) display less severe, but still well-correlated, reductions in binding affinity and cleavage activity as a result of at least one base-pair substitution at those positions.
At the remaining six positions in the target site (− 7, − 3, − 1, 1, 2 and + 8), at least one base-pair substitution is observed to cause a substantial reduction in cleavage without a significant decrease in binding affinity ( Fig. 4 ; these base-pair substitutions are denoted with arrows). This observation, combined with the correlation between binding affinity and cleavage at other positions, leads to two conclusions. First, high-affinity binding is necessary but not completely sufficient for catalysis of DNA hydrolysis. Second, an additional component of the overall specificity of the enzyme, realized at several base-pair positions during the actual hydrolysis event, corresponds to the enzyme's reduced ability to stabilize the transition state.
Base-pair substitutions within the enzyme's cognate DNA target (e.g., + 2A to C) that uniquely increase the free energy of the enzyme-bound transition state could be caused by at least three factors: (1) by increasing the energy required to distort the DNA backbone around the scissile phosphate groups into the transition-state conformation (a state that corresponds to a highly polarized, pentacoordinate geometry for both scissile phosphates required for hydrolysis); (2) by causing a misalignment of accompanying reactive groups (side chains, metals and/or solvent) at the reaction center; or (3) by causing a significant unfavorable change in the overall entropy of the system at the reaction transition state (corresponding to a negative value for ΔΔS ‡ ). In addition, substitutions that uniquely stabilize the ground state only, without a corresponding reduction in the transition-state energy, would also result in a decrease in the catalytic efficiency of the enzyme reaction, in that case with a corresponding increase in substrate-binding affinity.
In I-Ssp6803I, as in all the structures of homing endonucleases in complex with DNA that have been visualized to date, the phosphate backbone and DNA duplex are significantly distorted near the sites of cleavage. 13, 16 Given the amount of bending of the DNA substrate induced by these enzymes in order to produce a catalytically active complex, it is not surprising that the formation of an activated reaction complex at the moment of DNA strand cleavage is a measurable component of sequence discrimination by the enzyme. As well, examination of the effect of target-site substitutions on cleavage versus binding (Fig. 4) indicates that the majority of mutations that decrease only the cleavability of the substrate (indicated by arrows in that figure) actually increase target-site binding affinity, in agreement with the general principle of enzymatic catalysis that transition-state stabilization, coupled with ground-state destabilization, is essential for overall catalytic efficiency.
The position-specific base preferences of I-Ssp6803I
A position-specific probability matrix was calculated from positions − 8 to + 8 of the target site, based on the binding and cleavage specificities of I-Ssp6803I, in order to generate a more intuitive visualization of base preference at each position and their relationship to the corresponding bases of the tRNA fMet product (Fig. 4c) . Overall, from positions +3 and −3 to 8 in each half-site of the DNA target (corresponding to the base-paired region of the tRNA anticodon stem-loop), I-Ssp6803I displays a palindromic recognition preference, even at positions where double or triple degeneracy are tolerated. This is especially pronounced at position −3, where I-Ssp6803I seems to strongly disfavor the wild-type base at position −3.
The central five base pairs of the target site, which correspond to the unpaired bases of the tRNA anticodon loop, display more asymmetric and promiscuous recognition patterns of binding and cleavage. Positions − 2 and 0 strongly favor the wild-type base identity both in binding and in cleavage, while the enzyme binds efficiently to all three possible mismatches at position − 1 (and cleaves one, − 1C to T, with almost wild-type efficiency). In contrast, at positions + 1 and + 2 the enzyme can bind strongly to at least one alternate base pair, albeit with reduced cleavage activity. The reduced symmetry of target-site specificity at these central positions agrees with the crystal structure of the endonuclease-DNA complex. Unlike the rest of the target site (base pairs + 3 and − 3 to 8, which are recognized by symmetrical protein elements through interactions within the major groove; Fig.  1c) , the central five base pairs are contacted by nonspecific contacts of protein main-chain atoms from long surface loops, which are arranged asymmetrically at the dimer interface, and protein side chains that make additional contacts within the DNA minor groove.
Correlation of the recognition specificity profile of I-Ssp6803I with constraints from its host target gene
The tRNA fMet gene is the most conserved tRNA gene from all three biological kingdoms. Comparison of 30 bacterial genomes indicates that 58% of the base pairs are absolutely conserved in tRNA fMet gene, while elongator tRNA genes display much less conservation (35% identity across the elongator tRNA Met gene and 22% across the elongator tRNA Ile gene) (Fig. 5a ). The target site of I-Ssp6803I is the most conserved region of the tRNA fMet gene, corresponding to bases 27 to 43, which corresponds to the entire anticodon stem-loop of tRNA fMet (Fig. 1a) . The unpaired anticodon loop, containing bases 33 to 37, including the actual anticodon sequence 5′-CAT-3′ (bases [34] [35] [36] is absolutely conserved in all genomes (Fig. 5b) . Bases 29 to 31(GGG, occasionally AGG), paired with bases 39 to 41 (CCC or CCT), form the lower part of the anticodon stem (Fig. 1) . These three base pairs are directly involved in tRNA fMet binding to the ribosomal P site and initiating transcription. [17] [18] [19] [20] Since this binding event is unique for initiator tRNA, it is used as one of the most unique criteria to distinguish the tRNA fMet gene from other elongator tRNA genes, including the very similar tRNA Met gene and the tRNA Ile gene (which also uses an anticodon CAT sequence to read the Ile codon ATA in bacteria) (Fig. 5b) . 21, 22 Comparisons between the sequence conservation of the host target gene and the specificity profile of I-Ssp6803I at each base pair indicates a strong correlation between specificity at individual positions in the target site and constraints on the sequence of the tRNA fMet gene. The most specifically recognized position within the I-Ssp6803I recognition site, as observed both in the binding and in the cleavage profiles, is at base pair + 5 and − 5 and the immediately adjacent base pair + 4 and − 4 and − 6) (Fig. 4) ; base-pair substitutions at these positions are uniformly not well tolerated. This region coincides with the strongly conserved anticodon stem region (positions 29-31 and 39-41) in target on tRNA fMet gene described above. Such an adaptation of I-Ssp6803I toward regions under strong host gene constraints increases its chance of genetic persistence in its immediate host and of mobilization into additional organisms (because the host gene is less likely to escape recognition by random mutational drift) and also reduces its toxicity by preventing accidental cleavage on closely related tRNA sequences (i.e., on tRNA Met gene and on tRNA Ile gene). However, I-Ssp6803I is not fully optimized against its host target site. At position − 3, a "T" is more favored over the wild type "C", which is one of the highly conserved bases (position 32) in tRNA fMet gene. This clearly shows that although I-Ssp6803I is evolved under selective pressure to acquire and maintain recognition of a highly conserved sequence in a ubiquitous and essential host gene, its specificity profile is simultaneously constrained by its highly symmetrical tetrameric structure in a manner that is not fully optimal for recognition of the biological target site. The quaternary structure of I-Ssp6803I, while limiting the ability of the enzyme to completely optimize recognition of its target site, is a necessary structural requirement in order for the type II PD-(D/E)XK fold to recognize a long DNA target sequence with the relaxed fidelity required of a homing endonuclease.
Evolution of the restriction fold for use as a homing endonuclease
The "restriction fold" has successfully evolved into many DNA cleavage enzyme systems, including nonspecific λ endonuclease, DNA repairing enzymes (Mut H and Vsr endonuclease) and archaeal Holliday junction resolvases. The discovery of restriction conserved common fold in homing endonuclease I-Ssp6803I further broadens the substrate diversity for this fold. However, compared to other protein folds utilized by homing endonucleases, the PD-(D/E)XK motif is surrounded by a relatively bulky protein domain. This is a potential drawback for homing endonucleases, which generally are under pressure to limit the length of their genes in order to avoid interfering with the folding and splicing of their host introns. To use protein residues economically while still recognizing a long DNA target site, I-Ssp6803I employs a tetrameric quaternary structure (Fig. 1c) , which positions two DNA binding subunits at distant ends of the target site and creates an elongated DNA binding surface, while the other two subunits stabilize such an arrangement. 13 There are very few examples of group I introns within tRNA genes; most of those that have been discovered are found to interrupt tRNA Leu genes (338 out of 349). It is likely that these introns (or at least a large fraction of them) are descended from a common ancient origin, not through horizontal gene transfer. [23] [24] [25] [26] The remainder of group I introns that interrupt tRNA genes are from bacterial genomes, including tRNA fMet genes (7), tRNA Arg genes (3) and tRNA
Ile genes (1) (Refs. 10, 23-27) †. Among these introns, the intron in tRNA fMet gene of cyanobacterial Synechocystis is the only one carrying a homing endonuclease open reading frame, which is responsible for the mobility and persistence of the same intron in a few closely related Synechocystis strains. However, the intron insertion position and intron targeting sequences of the tRNA Arg genes and tRNA
Ile genes both display similarity to the cleavage pattern and recognition profile of I-Ssp6803I (Fig. 5c) . It is possible that a close homologue of ISsp6803I may be responsible for the horizontal intron transfer in these genes, but was subsequently lost after intron fixation in those host genes.
The primary evolutionary advantage for the PD-(D/E)XK nuclease superfamily is its stable and multifunctional core fold, which orients catalytic residues in optimal geometry for a phosphoryl transfer reaction while providing a highly adaptable surrounding scaffold that can easily accommodate additional structural elaborations. This fold also facilitates a variety of quaternary assemblages, which can be used to create variable cleavage patterns (5′ sticky ends, 3′ sticky ends, or blunt ends), variable types of cooperative DNA binding and cleavage behaviors, and multiple types of DNA binding surfaces capable of recognizing highly diverse DNA substrates. These targets include short DNA targets for restriction endonucleases and mismatch repair enzymes, such as MutH and Vsr, long DNA target for homing endonucleases, and specific tertiary DNA structures for Holliday junction resolvases.
A growing body of evidence indicates that restriction-modification enzyme (R-M) systems have arisen within bacterial genomes via invasive horizontal transfer events. At least one study has demonstrated that a restriction endonuclease gene (encoding EcoRI) displays homing-type mobility when placed into the appropriate sequence context. 28 Upon residence in a bacterial genome, R-M gene systems act as selfish elements and promote their own survival through two mechanisms: participation in cellular defense (which provides an advantage to the host) and postsegregational host killing (in which loss of the R-M system results in cell death as unmethylated sites in newly replicated DNA are cleaved by residual levels of restriction endonuclease). [29] [30] [31] Given that restriction endonucleases display many of the characteristics of invasive genes and selfish DNA elements, it seems plausible that such gene systems might share distant evolutionary relationships with modern-day microbial invasive elements, such as homing endonucleases, and may even have initially descended from such genes. If this hypothesis is true, examples of catalytic protein folds that transcend the boundaries of modern homing and restriction endonuclease families should be observed. This prediction has been fulfilled in multiple systems. Two separate folds typically associated with homing endonucleases have been predicted in canonical restriction endonucleases; 32,33 a recent review of restriction endonuclease genes indicates that up to 40% of putative restriction endonucleases contain these catalytic motifs. 34 Similarly, the homing endonuclease I-Ssp6803I is a tetrameric homing endonuclease built around the PD-(D/E)XK motif and surrounding restriction fold, 13 but with a DNA recognition profile that is unique to the biological and genetic requirements of a mobile intron making its way amongst bacterial genomes.
Materials and Methods
Overview
A catalytically active I-Ssp6803I construct was used to study its cleavage mechanism and corresponding specificity profile. The latter experiments used a panel of 69 substrate variants (each harboring one of three possible base-pair substitutions at one position in the target site). Subsequently, two separate catalytically inactive point mutants of the enzyme were used to measure the enzyme's specificity profile of DNA binding, using a corresponding matrix of synthetic double-stranded DNA oligos in a high-throughput competitive binding assay in 96-well-plate format.
Expression and purification of catalytically active I-Ssp6803I
As described previously, 13 the wild-type I-Ssp6803I enzyme is extremely toxic to E. coli and cannot be produced either as an untagged protein or with a short N-or C-terminal affinity tag. In order to produce active enzyme in quantities sufficient for determination of its cleavage specificity, the gene encoding the endonuclease was subcloned into a commercial pTYB expression vector (New England Biolabs) between restriction site SapI and PstI. The resulting vector encodes a 454-amino-acid polypeptide chain, with an autocleaving intein domain and chitin-binding protein fused to the N-terminus of the endonuclease. Because the N-terminal end of I-Ssp6803I is † Comparative RNA Web site, http://www.rna.ccbb. utexas.edu/ involved in DNA interactions, the N-terminal fusion to the intein domain blocks DNA binding, and the protein is relatively inactive until the free endonuclease is liberated in vitro by treatment with DTT.
The protein contains two mutations (F99L and F55K), both quite distant from the DNA-binding surface and the active site, each of which appears to improve the folding and solubility of the protein. The generation of the F55K mutation was described in our earlier crystallographic study. 13 The position of the F99L mutation is shown in Supplementary Fig. S1 .
The protein was expressed in the E. coli strain BL21 (DE3)RIL + at 37°C in 2 l LB medium containing 50 μg/ml ampicillin until OD 600 reached approximately 0.6. Expression was induced for 16 h at 16°C by addition of 0.5 mM IPTG. Cells were harvested by centrifugation and resuspended with a 100-ml lysis/storage buffer (20 mM Tris, pH 7.5, 800 mM NaCl and 10% glycerol) and lysed by sonication. Cell debris was removed by centrifugation at 17,000 rpm for 30 min at 4°C, then forced through a 0.2-μm syringe filter and applied to a 3-ml chitin affinity column at a flow rate of 1 ml/min. The column was washed with 50 ml lysis/storage buffer, followed by exchange with 10 ml lysis/storage buffer containing 50 mM DTT. The protein was eluted with 5 ml lysis/ storage buffer after 20 h on-column autolytic cleavage at room temperature. Protein was then concentrated to 0.5 mg/ml and frozen by liquid nitrogen for long-term storage.
Expression and purification of mutant proteins for binding specificity studies Because our method for determination of the binding specificity of I-Ssp6803I requires His-tagged protein (which precludes the use of wild-type protein), two catalytically inactive endonuclease point mutants (E11Q and K51M) were generated using the commercial QuickChange mutagenesis kit and protocol (Stratagene). Both mutations were sequenced to verify the protein constructs used for binding studies and binding specificity determinations.
The mutant protein constructs were cloned into the pET28b vector (Novagen) between its NcoI and XhoI restriction sites in order to express each protein with a C-terminal His-tag. Both proteins were expressed and purified from E. coli strain BL21(DE3)RIL + using an affinity-purification protocol developed previously for crystallographic studies. 13 Expression was induced at 16°C for 18 h. Cells were harvested by centrifugation and lysed using a microfluidizer in 400 mM NaCl, 50 mM Tris, pH 7.5, and 10% glycerol. Cell debris was removed by centrifugation, then forced through a 0.2-μm syringe filter and applied to a heparin affinity column. Eluted protein was concentrated and dialyzed against storage buffer (600 mM NaCl, 50 mM Tris, pH 7.5 and 10% glycerol). Size-exclusion chromatography using a Superdex-200 column equilibrated against the same buffer was then performed, and the protein was concentrated to 3.5 mg/ml.
Quantitative binding assays using isothermal titration calorimetry were conducted as previously described 13 in the presence of 10 mM calcium chloride.
DNA cleavage activity assays
An oligonucleotide containing the physiological substrate of I-Ssp6803I (5′-TCGTCGGGCTCATAACCCGA-AGG-3′) was synthesized with six consecutive "A" flanking on each end (Integrated DNA Technology, 100-nmol scale, salt-free). This DNA strand was then annealed to its corresponding synthetic complementary DNA strand and cloned into pTOPO-2.1 (Stratagene) to create plasmid substrates for endonuclease activity assays. All plasmid clones putatively harboring target site inserts were amplified and sequenced to confirm the desired substrate sequence.
The relative activity of the enzyme on the resulting plasmid substrate was measured as a function of two parameters: the enzyme concentration and the time course of the reaction. The digest conditions for the reactions were 10 nM DNA, 100 mM NaCl, 50 mM Tris-Cl, pH 7.9, 10 mM MgCl 2 and 1 mM DTT, with variable concentrations of enzyme, incubated at 37°C for variable time points, as described in the Results section and shown in accompanying figures. Products of the digests were visualized and quantitated by electrophoretic analyses on 1.2% Tris-acetate-ethylenediaminetetraacetic acid (EDTA) agarose gels and subsequent densitometry using program ImageJ (NIH).
Measurement of I-Ssp6803I cleavage specificity profile
A matrix of oligonucleotides, each containing a single base substitution within the wild-type target site (Supplementary Table 1) , was synthesized and each target site was cloned into the same plasmid vector described above and verified by sequencing. This DNA target-site plasmid matrix thus contains 70 unique DNA target sites (one wild-type and 69 single-base-pair variants). The individual target sites in the matrix are denoted ssp(i,j), where i varies from − 11 to + 11 (corresponding to the position of the substitution) and j = A, G, C or T (corresponding to the unique base-pair substitution at that position). The complementary strands were arrayed and annealed in parallel by mixing equal amounts of top strand and bottom strand in a 96-well PCR plate and incubating for 10 min at 95°C followed by slow cooling for 6 h in a PCR thermal cycler.
All plasmid-encoded substrates as well at the wildtype site in the same backbone were then individually incubated with the enzyme under conditions that generate approximately 50% cleavage of the wild-type target at concentrations of protein that exceed the dissociation constant for the wild-type target site by at least 10-fold (700 nM protein and 10 nM DNA in 100 mM NaCl, 50 mM Tris-Cl, pH 7.9, 10 mM MgCl 2 and 1 mM DTT, incubated at 37°C for 30 min). The reactions were quenched with 100 mM EDTA and 2.5% SDS, and products were separated by electrophoresis using 1.2% Trisacetate-EDTA gels. Substrate and product bands were quantitated using program ImageJ 35 and converted to relative cleavability.
Measurement of DNA binding specificity profiles
We developed a high-throughput fluorescence-based competition binding assay for determination of the enzyme's DNA binding specificity based on previous approaches. 36, 37 In this assay, the relative binding affinities of the homing endonuclease to each individual variant of its cognate target site are measured by determining the ability of each DNA sequence to compete
